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Abstract Due to high band gap energy the optimum
photocatalytic activities can only be achieved under UV
light, thus limiting the practical application of TiO2. In this
study, a method combining NH4
?/SO4
2--functionalization
technique and post-treatment was developed and success-
fully applied to synthesize photoactive TiO2 samples which
showed higher photocatalytic activity than the commercial
P25 TiO2 under visible light radiation. The results also
showed that the addition of (NH4)2SO4 surface function-
alization on TiO2 increased the photocatalytic activity,
which could be due to the combined effect of crystallinity
and band gap energies. Moreover, the results showed that
calcination temperature was inversely proportional to
photocatalytic activity. The degradation efficiency for
methylene blue under visible light was improved by *2
times from 10.7% for P25 nano Degussa TiO2 to 20.2% for
the synthesized sample. The band gap energies were also
reduced from 3.7 to 3.4 eV (under UV–Vis direct transition
mode) indicating a red shift towards higher wavelength.
Keywords X-ray diffraction  Nanostructured materials 
Ceramics  Powder metallurgy  Grain growth  Grain
refinement
Introduction
In recent times, the use of TiO2 for photocatalytic purposes
has attracted much attention. This is mainly due to TiO2
having many advantages over other photocatalysts. It has
been proven to be nontoxic, biologically inert, physically
and chemically stable against corrosion (Yu et al. 2006).
Nevertheless, some characters limit the practical applica-
tion of TiO2. For example, the high band gap energy of
TiO2 causes that the optimum photocatalytic activities to
be achieved only with the presence of ultraviolet (UV)
light. Hence, the usage of solar energy is insufficient for
TiO2 as solar light only contains 4 or 5% of UV radiation,
whereas visible light radiation contributes 45% of solar
energy (Yu et al. 2006; Dong et al. 2015).
Previous studies had developed various functionaliza-
tion methods by doping metal elements on TiO2 to lower
the band gap energy, subsequently achieving higher effi-
ciency of absorbing visible light. The common metal ele-
ments used are, for example, silver, nickel, copper, iron,
manganese, etc. (Dong et al. 2015; Garza-Are´valo et al.
2016). However, metal doping is relatively expensive in its
application, whereas non-metal functionalization is com-
paratively more economical and results in decreased band
gap energy of TiO2 (Yu et al. 2006; Sajid and Moo 2016;
Zhang et al. 2015; Govindan et al. 2013). Moreover, a
study had shown that single anatase phase, which is the
favorable phase to carry out photocatalytic activity (Dong
et al. 2015) was observed in NH4
?/SO4
2--functionalized
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TiO2 sample synthesized via hydrolysis of TiOSO4 with
the addition of (NH4)2SO4 (Toibah et al. 2015).
In addition, small particle size, increased crystallinity
and high porosity had been reported in previous studies to
further improve photocatalytic performance (Tian et al.
2009; Elgh et al. 2014; Ren et al. 2014). Post-treatment
methods using hydrothermal treatment and calcination are
often used to improve these properties in TiO2.
Hydrothermal treatment had been proven to be able to yield
smaller and more evenly distributed TiO2 particles (Mon-
tazeri-Pour et al. 2013). Moreover, a previous study has
also reported that, after hydrothermal treatment, NH4
?/
SO4
2--functionalized TiO2 samples showed a special ori-
entation of crystallites, which resulted in decent increase in
crystallinity (Salim et al. 2011). Calcination, in addition, is
a rapid thermal treatment method to increase the crys-
tallinity of TiO2 but at too high calcination temperature
will result in the formation of unfavorable rutile phase of
TiO2 and largely reduce the particle surface area due to
drastically increased crystalline size, thus hindering the
photocatalytic performance (Garza-Are´valo et al. 2016).
Hence, a range of calcination temperatures was studied to
determine the optimum calcination condition in terms of
photocatalytic performance (Garza-Are´valo et al. 2016).




mal treatment and calcination to yield TiO2 with photo-
catalytic performance under visible light and to determine
the effect of the addition of (NH4)2SO4 and the effect of
different calcination temperatures on the photocatalytic
performance of synthesized TiO2 in comparison to the
commonly used commercial Degussa P25 TiO2.
Materials and methods
Precursors used to synthesize functionalized TiO2 were
titanium (IV) oxide sulfate sulfuric acid hydrate
(TiOSO4xH2O ? H2SO4) and ammonium sulfate
((NH4)2SO4) purchased from Alfa Aesar and VWR
chemicals, respectively. The photocatalytic performance
and its related properties of all synthesized sample were
compared with Degussa P25 titanium (IV) dioxide
nanopowder (TiO2) purchased from Aldrich. Methylene
blue was purchased from J.T. Baker. All chemicals were in
reagent grade. No further purification was performed for all
chemicals. Deionized (DI) water was used throughout the
experiment.
The synthesis of the functionalized TiO2 was conducted
through hydrolysis reaction of TiOSO4 stated in Eq. (1).
TiOSO4 sð Þ þ 2H2O aqð Þ ! SO24 aqð Þ þ 2Hþ aqð Þ
þ TiO OHð Þ2 sð Þ ð1Þ
Immediately after the TiOSO4 was added into DI water,
the required amount of (NH4)2SO4 was slowly added to
make up a certain mol% of (NH4)2SO4 in the mixture. At
this stage, NH4
? and SO4
2- ions from (NH4)2SO2 and
SO4
2- ions from TiOSO4 are functionalized onto
TiO(OH)2 surface. The white mixture was heated up to
80 C for 8 h. The subsequent drying of the precipitate
allows the water content to be removed from TiO(OH)2,
hence resulting in crystalline TiO2 as shown in Eq. (2).
TiO OHð Þ2 amorphousð Þ ! H2O gð Þ þ TiO2 crystallineð Þ
ð2Þ
The resulted sample undergoes hydrothermal
treatment with DI water at 150 C for 5 h. The
resulted sample was collected through centrifugation
and dried at 60 C for 12 h. The calcination temperature
was varied at 500, 600 and 700 C, respectively, for 1 h
in a vacuum furnace to study the effects of calcination
temperature. A summary of sample name and
information is stated in Table 1.
The powders obtained were characterized using various
techniques. A scanning electron microscope (SEM) (JEOL
JSM-6360A) was used to analyze the size and morphology
of the powders. The SEM is equipped with energy dis-
persive X-ray spectrometer (EDX) that allows elemental
analysis. The X-ray diffraction patterns of the powders
were obtained with a BRUKER ADVANCE X-ray powder
diffractometer using a Cu target (kCu Ka = 1.5405 A˚).
FTIR analysis was done using SHIMADZU IR Prestige-21
Fourier transform infrared spectrophotometer. The diffuse
refractive spectra of all samples were obtained using
SHIMADZU UV-2600 UV–Vis spectrophotometer with
integrating sphere attachment.
Table 1 Summary of sample information
Sample name Synthesis Hydrothermal Calcination
500-w 8 h hydrolysis with (NH4)2SO4 150 C for 5 h 500 C for 1 h
600-w 8 h hydrolysis with (NH4)2SO4 150 C for 5 h 600 C for 1 h
700-w 8 h hydrolysis with (NH4)2SO4 150 C for 5 h 700 C for 1 h
Degussa P25 TiO2 nanopowder TiO2 with average particle size of 21 nm
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Results and discussion
The FTIR spectra of the samples are shown in Fig. 1. The
broad peaks ranging from 436 to 653 cm-1 were observed
in all samples and assigned to the vibration of Ti–O and
Ti–O–Ti group (Bezrodna et al. 2004). Errant peaks were
observed around 2350 cm-1, which were due to the
interference of CO2 in the atmosphere (Smith 2011). The
graph showed successful functionalization of SO4
2- ions in
sample 500, 600, 700-w samples indicating peaks observed
at 1135 and 1040 cm-1 due to the vibration of O=S=O and
Ti–O–S which is consistent with the reported works,
whereby the SO4
2- groups functionalized via incorporation
into the lattice structure of TiO2 (Yang et al. 2012).
Moreover, the FTIR spectra showed that as calcination
temperature increased, the SO4
2- peak intensity decreased.
This implies that high calcination temperature favored the
desorption of SO4
2- from TiO2 sample.
The peaks in the range of 3100–3750 cm-1 and around
1620 cm-1 were commonly reported in TiO2 samples,
which were assigned to the stretching vibration of TiO2
surface hydroxyl groups and deformation vibration of
adsorbed water molecules, respectively (Beranek and
Kisch 2008). The stretching and deformation vibrations
modes of NHx groups also existed in these two regions,
subsequently resulting in overlapped peaks with hydroxyl
groups and water molecules (Beranek and Kisch 2008).
SEM analysis and EDX mapping shown in Fig. 2 was done
on sample 600-w with detection of nitrogen atoms with
titanium and sulfur with particle size of *2 to 3 lm. The
EDX mappings indicate the presence of nitrogen and sulfur
which are consistent with the FTIR results showing the
successful functionalization of the synthesized powders.
The larger particle size in sub-micron range for the syn-
thesized powder indicates that in consideration of size
effects, the photocatalytic performance of nano-P25 TiO2
(average APS*25 nm) are expected to perform better due
increased surface area with a smaller particle size. How-
ever, other contributing factors such as phase purity (Dong
et al. 2015), band gap energies and presence of surface
groups (Salim et al. 2011) may be more dominant than size
effects.
Figure 3 shows the XRD spectrums in all synthesized
samples, whereas rutile phase appeared in commercial P25
TiO2. The percentage of rutile phase calculated by TOPAS
was 23.43% in P25 which is commonly found in nano-
TiO2. Characteristic anatase peaks were found in all syn-
thesized samples with no rutile phase observed. For max-
imum photocatalytic organic degradation application in
regards with TiO2 crystalline phases, it will be preferred to
remain in the anatase phase (Dong et al. 2015).
The anatase phase crystalline size of sample 500, 600,
700-w, and P25 were calculated to be 14.6, 23.0, 43.3, and
20.2 nm, respectively, using Debye–Scherer formula
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Fig. 1 FTIR analysis of
synthesized samples
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determined from the respective XRD graph with the
dimensionless shape factor k of 0.89 at the wavelength of
X-ray source k (Cu K alpha) of 0.154050 nm.
The changes in crystalline size of synthesized samples
were in line with the changes in peak sharpness and
intensity, suggesting that variation of crystallinity of syn-
thesized samples was mainly determined by the size of
crystallites. An increasing trend of peak intensity and
crystalline size was observed in sample 500, 600 and
700-w, suggesting that the increase in calcination temper-
ature resulted in further growth of crystalline size, hence
favoring the formation of TiO2 with higher crystallinity.
On the other hand, no rutile phase was observed in these
samples, suggesting that the applied calcination tempera-
ture was not high enough to cause phase transformation
(Fig. 4).
The resulted UV–Vis spectra were converted to (hma)1/r
versus hv graph. The value r was set at for direct allowed
Fig. 2 a Elemental mapping of sample 600-w TiO2 with b titanium in yellow, c nitrogen in red, d sulfur in orange and emagnified view showing
particle size of *2 to 3 lm
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transition. hv was the product of h (Plank’s constant) and v
(frequency of vibration) and the relationship between hv
and wavelength (k) was hv = 1239.7/k. Using the
Kubelka–Munk function (Philips-Invernizzi 2001)




the % reflectance (R) values were converted to quantity
F(R), which was proportional to absorption coefficient, a.
In the actual experiment, a was substituted by F(R). On the
(hma)1/r versus hv curve, the line, which was tangent to the
point of inflection, was drawn. The band gap energy (Eg)
was obtained at the intersection point of tangent line and hv
axis. The equation of tangent line was shown as Tauc’s
equation (Bhatt et al. 2011):
hvað Þ1=r¼ A hv Egð Þ: ð5Þ
The results in Fig. 5 showed that the band gap value of
500, 600 and 700-w were very close to each other,
suggesting that the changes in calcination temperature
caused insignificant effect on the band gap energy of TiO2.
All synthesized samples showed lower band gap energy
indicating red shifts towards the visible range as compared
to P25.
To carry out photocatalytic test, 2 g of TiO2 sample was
mixed with 40 ml of 10 ppm methylene blue solution in
80 ml of beaker. The mixture was then stirred under dark
environment for 1 h in order for the methylene blue and
TiO2 sample to reach adsorption–desorption equilibrium.
Subsequently, the mixture was stirred under visible light
radiation generated by domestic lamp for 5 h. 4 ml of
mixture was extracted using CELLOTRON 10 ml dispos-
able syringe at time = 0, 1, 2, 3, 4, 5 h. The extracted
mixture was immediately filtered through PALL 0.2 lm



























Fig. 3 X-ray diffraction
patterns of different calcination-
treated samples in comparison




























500-w 600-w 700-w P25
Fig. 4 Comparison of
crystalline size value of sample
500, 600, 700-w, and P25
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syringe filter with PES membrane to obtain clear methy-
lene blue solution. The absorbance of the solution was
measured by SHIMADZU UV-1800 UV spectrophotome-
ter and wavelength of radiation source was set at 664 nm.
The obtained absorbance value was then used to draw %
absorbance versus time graph and the degradation effi-
ciency for the respective sample was calculated by the
equation:
%D ¼ ½Abst¼0  ½Abst¼5½Abst¼0
 100%: ð6Þ
Figure 6 shows the methylene blue degradation results
whereby all samples showed decreasing trends of
methylene blue concentration and the difference became
more distinct with time. Figure 7 shows the highest
degradation efficiency of 20.2% in sample 500-w and
P25 Degussa nanopowder having the lowest degradation
efficiency of 10.7%.
All analysis was conducted using the UV–Vis spec-
trometer under the direct transition mode. The nano-P25






















Fig. 5 Illustration of Tauc plot





















Fig. 6 Methylene blue
degradation trend of sample
500, 600, 700-w, and P25
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agreement with previous research studies reported in lit-
erature (Sergio et al. 2010). As such, in relation to the
measured nano-P25 TiO2, all the functionalized samples
showed a decrease in band gap values from 3.7 to*3.4 eV
indicating a red shift in wavelength. A combination of pure
anatase phase shown in the XRD results, NH4
?/SO4
2-
functionalization shown in FTIR/EDX and reduced band
gap energies may be the dominant contributing factors in
better photocatalytic activity shown by the synthesized
powders compared to the smaller particle sized nano-TiO2.
The reducing trend of degradation efficiency in sample
500, 600 and 700-w suggests that increase in calcination
temperature could hinder photocatalytic performance. The
trend could be explained by combined effect of the crys-
tallinity and crystalline size. XRD spectra showed that
crystallinity increased with calcination temperature and it
is commonly accepted fact that high crystallinity is favored
to carry out photocatalytic reaction, because it can resist
the recombination of photo-generated holes and electrons
back to ground state hence resulting in more radicals to
degrade organics (Tian et al. 2009). Nevertheless, the
growth of crystalline size due to high temperature also
drastically reduced TiO2 surface area, resulting in less
contact with methylene blue molecules and lowering the
photocatalytic activity (Yu et al. 2006; Garza-Are´valo et al.
2016). In this study, amongst these two factors, the effect
of crystallinity could have been overwhelmed by the effect
of crystalline size, hence resulting in an overall decreasing
trend of performance as calcination temperature increased
with the optimal calcination temperature found to be at




2--functionalized TiO2 was suc-
cessfully synthesized through hydrolysis reaction and post-
treatments and all samples showed higher photocatalytic
activity than Degussa P25 TiO2 nanopowder under visible
light. The sample calcined at 500 C had the strongest
photocatalytic activity which was 88.8% higher than nano-
sized P25 TiO2 due to its relatively smaller crystalline size,
lower band gap energy and single anatase crystal phase.
Furthermore, the results suggest that photocatalytic activity
of functionalized TiO2 was inversely proportional to cal-
cination temperature. This is because the induced crys-
talline growth dominates the effect.
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